The expanded CAG repeat that causes striatal cell vulnerability in Huntington's disease (HD) encodes a polyglutamine tract in full-length huntingtin that is correlated with cellular [ATP] and [ATP/ADP]. Since striatal neurons are vulnerable to energy deficit, we have investigated, in Hdh CAG knock-in mice and striatal cells, the hypothesis that decreased energetics may affect neuronal (N)-cadherin, a candidate energy-sensitive adhesion protein that may contribute to HD striatal cell sensitivity. In vivo, N-cadherin was sensitive to ischemia and to the effects of full-length mutant huntingtin, progressively decreasing in Hdh Q111 striatum with age. In cultured striatal cells, N-cadherin was decreased by ATP depletion and STHdh Q111 striatal cells exhibited dramatically decreased N-cadherin, due to decreased Cdh2 mRNA and enhanced N-cadherin turnover, which was partially normalized by adenine supplementation to increase [ATP] and [ATP/ADP]. Consistent with decreased N-cadherin function, STHdh Q111 striatal cells displayed profound deficits in calcium-dependent N-cadherinmediated cell clustering and cell -substratum adhesion, and primary Hdh Q111 striatal neuronal cells exhibited decreased N-cadherin and an abundance of immature neurites, featuring diffuse, rather than clustered, staining for N-cadherin and synaptic vesicle markers, which was partially rescued by adenine treatment. Thus, mutant full-length huntingtin, via energetic deficit, contributes to decreased N-cadherin levels in striatal neurons, with detrimental effects on neurite maturation, strongly suggesting that N-cadherin-mediated signaling merits investigation early in the HD pathogenic disease process.
INTRODUCTION
The CAG expansion mutation that causes Huntington's disease (HD) elongates a polymorphic polyglutamine segment in the huntingtin protein. Full-length huntingtin with a polyglutamine region of more than 37 residues initiates a disease process that culminates in the loss of neurons, especially in the striatum, and the onset of the motor, psychiatric and cognitive symptoms (1, 2) .
Understanding the rate-limiting events that contribute to the early vulnerability of striatal neurons would guide efforts to track the natural history of the disease and may provide new avenues for therapeutic development.
Studies investigating the earliest consequences of fulllength mutant huntingtin, in HD patient cells and tissues and in genetically accurate Hdh CAG knock-in mouse cells and tissues, have revealed perturbations in membrane vesicle trafficking, gene transcription, intracellular signaling pathways † Present address: Chemical Biology Programs, Center for Human Genetic Research, Massachusetts General Hospital, 185 Cambridge Street, Boston, MA 02114, USA. * To whom correspondence should be addressed. Tel: +1 6176439851; Fax: +1 6176433202; Email: iseong@chgr.mgh.harvard.edu # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com (3 -6) , as well as altered energetics, characterized by decreased [ATP] and [ATP/ADP], which is correlated with the size of the polyglutamine repeat (7 -9) . We have been studying the effects of altered energetics because the correlation of energetic measures with the polyglutamine repeat in full-length huntingtin implies a dominant effect that conforms to the genetic features of the HD trigger mechanism, and energetic defects, thought to be important to striatal cells, may be evident throughout the lifetime of the cell (7 -9) . Certainly, early weight loss in HD and a systemic metabolic defect in branched chain amino acids are consistent with a systemic attempt to compensate for an early energy deficit (10) .
Neuronal (N)-cadherin, which is intimately involved in neuronal cell adhesion, signaling, differentiation and synapse function (11, 12) , is a prime candidate for being affected by energy deficit. Members of the cadherin family exhibit selective degradation in response to renal ischemia and ATP depletion (13) (14) (15) , and in normal rat kidney cells via cleavage by membrane-type 1 matrix metalloprotease (MT-MMP) (16) . However, N-cadherin has not been studied either in acute neuronal ischemia and ATP depletion or in response to the HD mutation, which elicits a chronic energy deficit in a process that culminates in neurodegeneration.
N-cadherin is a transmembrane cell adhesion glycoprotein composed of an extracellular domain, a single-pass transmembrane region and a cytoplasmic tail (17) . N-cadherin molecules make calcium-dependent homophilic bonds between their extracellular domains (18) . The cytoplasmic domain contains two main binding regions, the C-terminal domain (CTD) and the juxtamembrane domain (JMD). The CTD binds b-and g-catenin, which in turn associate with the actin cytoskeleton to modulate cell adhesion and mobility via a-catenin (19, 20) . The JMD interacts with p120-catenin and with presenilin 1, which has emerged as a potential regulator of cell adhesion and neuronal physiology (21, 22) .
Here, we have assessed the candidacy of N-cadherin as an energy-sensitive contributor to the striatal cell vulnerability that ensues from the HD mutation. Specifically, we have investigated N-cadherin in Hdh Q111 CAG knock-in mouse striatum and cultured Hdh Q111 striatal neuronal cells, which express endogenous full-length 111-glutamine mutant huntingtin. We first tested whether N-cadherin was sensitive to acute ATP depletion/ischemia and to the chronic effects of full-length mutant huntingtin protein and then we evaluated immortalized STHdh Q111 and primary Hdh Q111 striatal neurons to explore N-cadherin ATP sensitivity and the phenotypic consequences of decreased N-cadherin function. Our findings reveal that N-cadherin is an ATP-sensitive protein that is associated with altered HD CAG striatal cell adhesion and neuritogenesis.
RESULTS
Striatal N-cadherin was sensitive to acute ischemia and to the HD CAG mutation
To assess whether N-cadherin might be affected in a mild ischemic brain injury paradigm where the striatum displays early vulnerability, we performed transient middle cerebral artery (MCA) occlusion with 12-month-old wild-type Hdh Q7/Q7 and mutant Hdh Q111/Q111 knock-in mice. For both genotypes, immunoblot of protein extracts at 24 h after reperfusion ( Fig. 1A and B) revealed robustly decreased N-cadherin in the ischemic, compared with the contralateral, striatal hemispheres. Both the reduction in N-cadherin and the infarct size (at 30 and 60 min) were similar in wild-type and mutant brain, consistent with a previous report demonstrating that CAG expansion did not sensitize to acute ischemic injury (23) . In contrast, full-length wild-type 7-glutamine huntingtin and 111-glutamine mutant huntingtin cleaved by calpains in response to severe ischemia (24), a-catenin and b-catenin were not decreased, though p120 was slightly reduced by ischemia, attesting to the mildness of the lesion and demonstrating the exquisite sensitivity of N-cadherin in the striatum to ischemia.
The immunoblot results also revealed reduced N-cadherin in contralateral Hdh Q111/Q111 striata compared with wild-type striata, suggesting an effect of the CAG mutation. This was confirmed by immunoblot analysis of wild-type and Hdh Q111/Q111 striatal tissues at different ages, which revealed a progressive decrease in N-cadherin (normalized to a-tubulin) from 3 to 5 months of age that reached statistical significance by 12 months of age (Supplementary Material, Fig. S1 ).
Notably, N-cadherin (Cdh2) mRNA levels were not reduced in total striatal tissue, following ischemic reperfusion or in response to the CAG mutation (data not shown), implying that cell-specific and/or multiple mechanisms may contribute to the energy-dependent N-cadherin decrease in vivo.
Striatal cell N-cadherin was sensitive to ATP depletion and the HD CAG mutation
We then assessed whether N-cadherin might be sensitive to ATP depletion and to the CAG mutation in cultured STHdh Q7/Q7 and STHdh Q111/Q111 striatal neuronal cells expressing wild-type (7-glutamine) and mutant (111-glutamine) full-length huntingtin, respectively. Cells were treated with 2-deoxyglucose and antimycin A, to inhibit both glycolysis and mitochondrial respiration, and nucleotides in cellular extracts were measured by HPLC analysis. As reported previously (7, 8) , the baseline [ATP/ ADP] was significantly lower in mutant, compared with wildtype, striatal cells, and, for both genotypes, [ATP/ADP] was dramatically decreased within 2 h of energy depletion (Supplementary Material, Fig. S2A ), although cell viability was not significantly changed (Supplementary Material, Fig.  S2B ). Immunoblot analysis revealed that N-cadherin was decreased at baseline in mutant, compared with wild-type, striatal cell extracts, with a progressive reduction over the time course of ATP depletion for both genotypes (Fig. 1C) . In contrast, a-catenin, b-catenin and p120 levels were similar for cells of either genotype and were not changed by ATP depletion (Fig. 1C) Fig. S3B ). To explore the energy sensitivity of these measures, mutant striatal cell culture medium was supplemented with adenine, a precursor of high-energy nucleotides. By 2 days, [ATP/ADP] was mildly but significantly elevated (Supplementary Material, Fig. S2C ), and by 4 days of treatment, Ncadherin was modestly but consistently increased (Fig. 1D) , though Cdh2 mRNA levels were not altered over the entire 6 day time course (data not shown). These results suggested that enhanced N-cadherin protein turnover in the mutant striatal cells may involve an energy-sensitive process, while altered Cdh2 mRNA may reflect a different underlying process. However, assays to explore the involvement of metalloproteases, activated in ischemia, failed to disclose elevated MT-MMP, and MT-MMP inhibition with GM-6001 did not alter the half-life of N-cadherin in mutant striatal cells (data not shown).
STHdh
Q111/Q111 cells exhibited deficits in N-cadherin-mediated cell -cell adhesion
The potential functional consequences of decreased N-cadherin in mutant striatal cells were then evaluated, beginning with confocal microscopy to investigate N-cadherin subcellular localization. Wild-type STHdh Q7/Q7 cells exhibited prominent N-cadherin immunostain at cell -cell contacts, whereas mutant striatal cells displayed a decreased N-cadherin signal that was not prominent at cell -cell contacts ( Fig. 2A) , strongly implying a defect in calcium-dependent (Fig. 2C ). In the absence of Ca 2+ (in EGTA), the transfection of N-cadherin had no effect on cell -cell adhesion.
Q111/Q111 cells exhibited deficits in cell -substratum adhesion N-cadherin is known to regulate cell -substratum adhesion (27) and actin cytoskeleton dynamics (28, 29) . Consequently, co-stained striatal cells were monitored by epifluorescence microscopy to detect DAPI-stained nuclei and filamentous actin (F-actin) cytoskeletal-binding proteins (Fig. 2D ). Compared with wild-type STHdh Q7Q/7 cells, the mutant STHdh Q111/Q111 striatal cells appeared smaller with elongated shapes, and decreased stress fiber-like rhodamine -phalloidin signal, though in the inset the pattern of the phalloidin (blue) nuclei, TRITC-phalloidin (red) F-actin signal and anti-cofilin (green) immunostain, illustrating decreased nuclear size, paucity of actin stress fibers and bright perinuclear cofilin stain of the mutant cells, consistent with an elongated rounded-up (less flat) morphology. The adjacent bar graph shows the average phalloidin signal and the total or nuclear area cofilin intensities. The average intensity of the phalloidin signal was significantly reduced in mutant striatal cells ( * P , 0.001) and the inset was taken at different exposure conditions to examine the pattern of the phalloidin signal in mutant cells. The average intensity of the total cofilin signal was not altered but its localization was shifted to the nuclear and perinuclear region ( * * P , 0.001). Error bars represent standard errors.
signal resembled that of wild-type cells (Fig. 2D) . Consistent with the elongated (less flat) morphology, mutant striatal cells exhibited smaller DAPI-stained nuclei and the significant intense cofilin stain of the mutant cells was localized to the nuclear and perinuclear region, although quantification demonstrated that the total cofilin signal in mutant and wildtype cells was similar (Fig. 2D) . The mutant striatal cells also exhibited a similar nuclear/perinuclear immunostaining pattern for profilin, another F-actin-binding protein, which, like cofilin, is involved in actin filament structure and dynamics (30) (data not shown). Notably, immunoblot revealed similar levels of F-actin, and actin monomer (G-actin), in extracts of mutant and wild-type striatal cells (data not shown). Thus, rather than lacking an actin cytoskeleton, the altered subcellular patterns of actin-associated proteins, along with decreased N-cadherin, were consistent with the elongated, less flat morphology of the striatal cells expressing full-length mutant huntingtin and strongly implied deficits in cell -substrate adhesion, as well as cell -cell adhesion.
Hdh Q111/Q111 primary striatal neuronal cells exhibited decreased N-cadherin and immature neuritis N-cadherin-mediated cell -substrate adhesion promotes neurite outgrowth (27) and N-cadherin is required for proper vesicle clustering essential for neurite formation and maturation (31) (32) (33) (34) . To evaluate the potential impact of full-length mutant huntingtin on N-cadherin function in developing striatal neurons, we examined primary neuronal cell cultures from the striatum of E14 control and Hdh Q111/Q111 knock-in mouse embryos. At day 10 of differentiation (days in vitro, div10), F-actin rhodamine -phalloidin binding was assessed by confocal microscopy, as a surrogate for proper actin cytoskeleton/ cell -substratum adhesion, and cultures were immunostained to detect MAP2, a neuronal cell microtubule-associated protein, to evaluate the developing neuronal cell projections. Compared with wild-type primary striatal neuronal cells, the primary Hdh Q111/Q111 cells exhibited decreased rhodaminephalloidin stain and an abnormally robust network of fine MAP2-stained projections, which confirmed neuronal cell differentiation, while implying altered adhesion and development (Fig. 3) .
Consistent with decreased N-cadherin function, co-staining revealed dramatically decreased N-cadherin signal, detected in b-III-tubulin-positive Hdh Q111/Q111 striatal neuronal cells, compared with the intense signal of wild-type striatal cells (Fig. 4A) , with only weak diffuse stain along the projections instead of the bright punctate pattern of wild-type cells (Fig. 4A inset, quantified in Supplementary Material, Fig.  S4A and B) . This observation implied that the synaptic vesicles that transport N-cadherin were not clustered, as expected of mature neurites, but instead were distributed along the processes in the diffuse pattern characteristic of immature neurons (35) .
To explore the potential developmental deficits, b-IIItubulin-positive neuronal cell processes (here called neurites) of div10 primary neuronal cells were quantified. Automated image analysis revealed that mutant cells exhibited a 3-fold increase in total length of b-III-tubulin-positive neurites, compared with wild-type striatal neuronal cells (Fig. 4B , quantification in Supplementary Material, Fig. S4C ), implying delayed maturation of the neurite network. Moreover, co-staining to detect N-cadherin and markers of synaptic vesicles, synapsin and synaptophysin, confirmed this interpretation. The decreased N-cadherin signal, as well as the synapsin and synaptophysin vesicle signals, was distributed diffusely within the processes of the mutant Hdh Q111/Q111 striatal neuronal cells, rather than assuming the bright punctuate matured appearance of these markers in wild-type Hdh Q7/Q7 striatal cells (Fig. 4C ). This immature pattern, which prominently featured decreased N-cadherin (35) , was consistent with decreased N-cadherin function and delayed maturation of the network of developing neurites and synapses elaborated by the mutant primary neuronal cells.
Hdh
Q111/Q111 primary striatal developmental deficit was partially rescued with adenine Fig. S2C ) and partially normalized the N-cadherin level (Fig. 1D) , we determined whether adenine treatment 
DISCUSSION
HD is a progressive neurodegenerative disorder, with marked loss of the major population of neurons in the striatum (medium-sized spiny neurons), which are vulnerable to acute energetic challenge. The neuronal specificity of HD stems from the effects of the HD CAG repeat, encoding a neurons, there was also a diffuse staining pattern in contrast to a punctuated pattern in the wild-type processes.
Human Molecular Genetics, 2011, Vol. 20, No. 12 2349 polyglutamine repeat in the full-length huntingtin protein of more than 37 residues. We and others have discovered that the polyglutamine repeat modulates the, as yet unknown, role of full-length huntingtin in negatively regulating measures of energy metabolism in human cells and in genetically accurate CAG knock-in mice and striatal cells (7, 8, 36 ). In the current study, in order to guide in vivo investigations of striatal cell vulnerability, we have explored the hypothesis that chronically decreased energetics, due to endogenous full-length mutant huntingtin, may affect critical aspects of the biology of cultured striatal neuronal cells. In a candidate approach, we have evaluated N-cadherin, an integrator of adhesion and cytoskeletal signaling required for proper neuronal cell development and synaptic function. Ncadherin was sensitive to acute ATP depletion, in striatal tissue and cultured striatal neuronal cells, and was strikingly sensitive to the effects of full-length mutant huntingtin. Ncadherin was progressively reduced with age in Hdh Q111 knock-in mouse striatum and, consistent with a defect from birth, was dramatically decreased both in cultured
STHdh
Q111 immortalized neuronal cells, generated from embryonic Hdh Q111 striatal primordia (37) , and in primary cultures of embryonic Hdh Q111 striatal neurons. The molecular basis of decreased N-cadherin in response to full-length mutant huntingtin is not yet clear, but in STHdh Q111 striatal cells appears to involve regulation of Cdh2 mRNA, as well as N-cadherin protein stability. Chronic energy deficit appears to contribute to the latter, but not the former, as adenine nucleotide was able to elevate both [ATP/ ADP] and N-cadherin levels, and the rate of N-cadherin turnover was increased under ATP-depletion conditions, while these manipulations did not affect Cdh2 mRNA levels, which instead may reflect a role for full-length huntingtin in mediating some aspect of Cdh2 gene expression or mRNA stability. Enhanced N-cadherin turnover in STHdh Q111 striatal cells did not appear to involve MMP-1, which mediates ischemia-induced turnover of cadherin (15, 16) . MMP-1 levels were not increased in mutant STHdh Q111 striatal cells and N-cadherin turnover was unaffected by GM-6001, a specific MMP inhibitor (data not shown). Rather, elevated (40) , impaired Ncadherin membrane association due to altered cholesterol metabolism (41, 42) or abnormal N-cadherin precursor processing, trafficking and/or glycosylation, as implied by the findings that STHdh Q111 and primary Hdh Q111 neuronal cells demonstrated a paucity of clustered N-cadherin and synaptic markerpositive vesicles. Certainly, STHdh Q111 striatal cells display diverse membrane trafficking defects, involving endocytic vesicles (43, 44) , autophagic vacuole cargo engulfment (45) and the ER/Golgi network (37), attesting to the impact of the polyglutamine repeat on full-length huntingtin function in regulating membrane trafficking (37, 43, 46) . N-cadherin-mediated calcium-dependent adhesion/cytoskeletal organization and signaling are especially needed for normal neuronal cell development and functionality, for example to achieve proper neurite outgrowth, synaptic vesicle clustering in maturing neurons, and synapse formation, maturation and dynamics (27,29,47 -49) . Mutant striatal cells exhibited impaired cell -cell, as well as cell -substrate adhesion, deficits in N-cadherin, synaptophysin and synapsin vesicle clustering and immature neurite networks, strongly suggesting delayed developmental maturation, though this interpretation remains to be tested. In part, the chronic energetic deficit contributed to impaired N-cadherin function, perhaps via decreased N-cadherin half-life. Adenine, which partially normalized STHdh Q111 striatal cell ATP and N-cadherin levels, significantly rescued primary Hdh Q111 striatal cell neurite development, consistent with the hypothesis that the energetic state may be a prominent factor in determining N-cadherin levels and function in cells expressing full-length mutant huntingtin.
HD is typically assumed to be due to a disease process that begins later in life. However, our observation of decreased Ncadherin and delayed development of embryonic Hdh Q111 striatal neurons in vitro offers a possible explanation for impaired development of the striatum in E13.5 -15.5 Hdh Q111 embryos (50), and for decreased measures of brain neurodevelopment in humans with expanded CAG repeats (51) , which demonstrate effects of the HD CAG repeat that become manifest even before birth. Later in life, N-cadherin progressively decreased with age in Hdh Q111 striatum, implying chronic synaptic dysfunction, as N-cadherin orchestrates activity-modulated CNS synapses (35) . Indeed, decreased Ncadherin may contribute to impaired actin polymerization and long-term potentiation detected in Hdh Q92 mice (52, 53) . Accumulated evidence now supports CAG-dependent energetic deficits in human cells and tissues, before onset of overt clinical symptoms, as well as in the brains of symptomatic individuals (7, 10, (54) (55) (56) . Therefore, it will be important to determine whether decreased levels of N-cadherin may contribute to the HD pathogenic process, in a manner that is specific to striatal neurons, thereby contributing to the early vulnerability of the striatum, compared with other brain regions. Furthermore, it will be of interest to determine whether subtly altered development may sensitize striatal cells, and perhaps other neuronal cells, to the disease process or may represent a rate-limiting step in the disease process that is initiated by the impact of the polyglutamine repeat on full-length huntingtin.
MATERIALS AND METHODS

Mice and striatal neuronal cell cultures
Hdh
Q111/Q111 knock-in mice have been described previously (57) . Striata were dissected from genotyped homozygous mutant Hdh Q111/Q111 and wild-type Hdh Q7/Q7 littermates from heterozygous Hdh Q111/Q7 matings, at various ages. Conditionally immortalized wild-type STHdh Q7/Q7 striatal cells and homozygous mutant STHdh Q111/Q111 striatal cells, generated from Hdh Q111/Q111 and Hdh Q7/Q7 littermate embryos, were described previously (37) . The striatal cells were grown at 338C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 1% non-essential amino acids, 2 mM L-glutamine and 400 mg/ml G418 (Geneticin; Invitrogen). Primary neuronal cell cultures were set up from striata dissected from E14 wild-type Hdh Q7/Q7 and mutant Hdh Q111/Q111 embryos, from heterozygous Hdh
matings. The striata were dissociated with trypsin (0.5%), trypsin inhibitor (0.1%) and DNase (228 U/ml) treatments for 1 min each in a 378C warm water bath. Dissociated cells were plated onto poly-L-lysine (0.1 mg/ml) and laminin (50 mg/ml) (Sigma) double-coated coverslips in neurobasal medium (GIBCO) supplemented with 2% B27 and 1% penicillin/streptomycin/gentamycin. Cells were cultured for 10 days (div10) at 378C and 5% CO 2 .
Focal ischemia
All focal ischemia experiments were conducted in accordance with the National Institutes of Health and Massachusetts General Hospital institutional guidelines on animal experimentation. Three wild-type Hdh Q7/Q7 and three Hdh Q111/ Q111 mice (12 months of age) were anesthetized with 2% halothane in 70% N 2 O and 30% O 2 , and then maintained on 1% halothane in a similar gaseous mixture. Transient focal cerebral ischemia was performed using an 8-0 nylon monofilament coated with silicone, which was introduced into the internal carotid artery via the external carotid artery and then advanced 10 mm distal to the carotid bifurcation to occlude the MCA as described (58) . Laser Doppler flowmetry (PF2B; Perimed Stockholm) of relative cerebral blood fluid (CBF) was used to verify successful occlusion (,20% baseline value). The MCA was occluded for 0.5 and 1 h followed by withdrawal of filament and reperfusion for 24 h. Relative CBF returned to .95% of baseline values, indicating almost complete reperfusion without residual occlusion. After reperfusion, right (control hemisphere) and left (infarct hemisphere) striata from each mouse brain were dissected for tissue extraction and immunoblot analysis.
Immunoblot analysis
Whole-cell protein extracts were prepared from harvested striata and striatal cells by lysis on ice for 30 min in a buffer Tween 20) . The blots were probed overnight at 48C with primary antibodies: MAB2166 for huntingtin (Chemicon), N-cadherin (BD-bioscience), a-catenin (Chemicon), b-catenin (Sigma), p120 (Sigma) and a-tubulin (Sigma). After four washes of 10 min each in TBS-T, the blots were incubated for 1 h at room temperature with horseradish peroxidaseconjugated anti-mouse or anti-rabbit antisera. After a 30 min wash, the membranes were processed using an ECL chemiluminescence substrate kit (New England Biolabs, Beverly, MA, USA) and exposed to autoradiographic film (Hyperfilm ECL; Amersham Bioscience). Quantification of the immunoreactive bands was performed by scanning and analysis using the GS-800 Calibrated Densitometer and the Quantity One software (BioRad, Hercules, CA, USA).
Immunocytochemistry
Wild-type STHdh Q7/Q7 and homozygous mutant STHdh and MAP2 (EnCor Biotechnology Inc: 1:10 000). For visualization, 1 h treatment with Alexa-488 and Alexa-568 secondary antibodies (both Molecular Probes, 1:500) was performed. The Phalloidin-TRITC (Sigma: 1:1000) signal was visualized without the secondary antibody. Coverslips were fixed onto object glasses using ProLong Gold antifade reagent containing DAPI (Invitrogen) for subsequent laser confocal microscopy (Leica) or epifluorescence microscopy (Zeiss).
Cell-clustering assay
Sub confluent striatal cell cultures were incubated for 10 min in cold PBS and the cells were then collected with a scraper.
After washing twice with PBS containing 10 mM HEPESNaOH (pH 7.4), cells were resuspended in PBS containing 10 mM HEPES-NaOH (pH 7.4), 1 mg/ml BSA, 1 mM EGTA and maintained at 48C. Before the start of clustering assays, cells were carefully resuspended to ensure single-cell suspensions, and viability of cells (.90%) was confirmed by trypan blue exclusion. Clustering assays, which were performed at 338C with rotation in non-tissue culture 24-well Falcon dishes to prevent cell -dish attachment, were started by addition of 50 ml of cell suspension (5 × 10 6 cells/ml) to 500 ml of pre-warmed (338C) PBS containing 1 mg/ml BSA, 10 mM HEPES -NaOH (pH 7.4) and either 2 mM CaCl 2 or 2 mM EGTA. Incubations were terminated by addition of 500 ml of 5% glutaraldehyde in PBS and particle numbers were determined on a Coulter Counter Model Z2 (Beckman Coulter, Fullerton, CA, USA). Clustering is expressed as the fractional loss of particle number, N t /N 0 , where N 0 is the particle number at time 0 and N t is the particle number after any given time point.
RNA extraction and quantitative RT -PCR
Harvested striatal cells or dissected striata were extracted with TRIzol reagent (Invitrogen) to isolate total RNA according to the manufacturer's instructions. cDNA was synthesized using Oligo(dT)15 primer and Reverse Transcription System (Promega) according to the manufacturer's instructions. Amplification by PCR was performed with 10 ml aliquots of cDNA in a total volume of 50 ml using iQTM SYBR Green Supermix (Bio Rad) with a Bio-Rad iCycler (Hercules, CA, USA). Expression of Cdh2 was specifically detected by using two primers: Cdh2 forward, 5
′ -AGAGGCCTATCCATGCT GAG-3 
N-cadherin half-life
STHdh
Q7/Q7 and STHdh Q111/Q111 cells plated on 6-well dishes were incubated in growth medium containing cycloheximide at a final concentration of 30 mg/ml for 0, 1, 2 and 4 h. At each time point, the cells were washed once with ice-cold PBS and lysed by incubation for 30 min in a buffer containing 20 mM HEPES (pH 7.6), 1 mM EDTA, 0.5% Triton X-100, protease inhibitor mixture (Roche, Indianapolis, IN, USA) and 1 mM PMSF, followed by tapping every 10 min. The total lysates were then cleared by centrifugation at 14 000g for 30 min and the supernatants were collected. The protein concentration was determined by the Bio-Rad (detergent compatible) protein assay and equal amounts of protein from each lysate were resolved by 10% SDS -PAGE. The proteins were transferred to nitrocellulose membranes, blocked in 5%
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Human Molecular Genetics, 2011, Vol. 20, No. 12 non-fat milk TBS-T and incubated overnight at 48C with a monoclonal anti N-cadherin antibody. The immunoblot was then probed with horseradish peroxidase-conjugated secondary antibody and visualized by ECL reagents.
ATP depletion
STHdh Q7/Q7 and STHdh Q111/Q111 cells plated on 6-well dishes were washed twice with PBS and then were incubated at 338C in either normal growth medium (control cells) or glucose-free DMEM containing 10 mM 2-deoxyglucose and 10 mM antimycin A to yield ATP-depleted cells. After incubation for 0.5, 1 and 2 h, cells were collected with a scraper and extracts were generated for immunoblot analysis.
After ATP depletion, viability was assessed by the MTS assay kit (Promega, Madison, WI, USA). Prior to the assay, cells were washed three times with PBS. MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] solution was added to each well, followed by incubation at 338C for 2 h. Absorbance was measured at 490 nm on a multi-well spectrophotometer (Molecular Devices). For measuring altered ATP nucleotide in cells after ATP depletion, HPLC analysis was performed as described previously (7).
Image analysis of primary cultures
Quantification of immunostain was performed using ImageJ, image analysis software available through the NIH website (http://rsb.info.nih.gov/ij/). To determine the area for cells (cell bodies and neurites separately), the number of b-III-positive pixels were counted within a field of view. For cell bodies, b-III-tubulin staining defined the edges of the cell body, so that the total area of the cell body could be determined. Four different fields per genotype were analyzed. For quantification of N-cadherin, intensity histograms of N-cadherin in b-III-tubulin-defined neurites and cell bodies were measured. To obtain the amounts of the N-cadherin signal for a specific genotype and the respective cell part, the products of each intensity over a threshold value multiplied by the percentage of the area covered by that intensity were added up i=maximum intensity i=minimum intensity intensity i × pixel i /total pixel number . To compare the four different amounts with one another (wildtype cell body, wild-type neurites, mutant cell body and mutant cell neurites), the signal amount in mutant neurites was defined as one, and the other three signal amounts were expressed as a ratio. The number of N-cadherin signal particles was determined by using the Analyze Particle plug-in of ImageJ. Thirty images of neurites per genotype were analyzed. Images were thresholded six times for different signal intensity intervals (intensity 30 -90; 40 -90, 50-90, etc., until 80-90). For each thresholded image, the number of particles was calculated (i.e. I 30 -90 , I 40 -90, I 50 -90,. . ., I 80 -90 ). To obtain the number of particles with a specific highest intensity (40, 50, . . ., 90), the number of particles within one intensity interval was subtracted from the one of the next lower interval (i.e. N 30 -40 ¼ I 30 -90 -I 40 -90 ). The number of particles was also normalized to the length of neurites. In order to determine the total neurite length, in four fields of view per genotype of b-III-tubulin images, the cell bodies were removed. The resulting images were skeletonized and the length of the skeleton was measured. Subsequently, this number was divided by the number of DAPIpositive nuclei in the appropriate field.
Statistical analysis
All cell images were quantified in 10 randomly chosen groups comprising at least 100 cells and other experiments, such as immunoblot and [ATP/ADP] measurement, in three independent experiments. The mean, standard deviation (SD) and standard error (SE) were calculated and statistical significance analyzed using an unpaired two-sample t-test.
